Simulation is an important approach for predicting the physical properties of asphalt mixtures. However, the simulation results are usually perfect because the model parameters or material properties were generally obtained by reverse modeling, and it is difficult to find the problems in simulation and distinguish superiority and inferiority of models by the results. Based on imaging and discrete element method (DEM), this study aims to compare two-dimensional (2D) and three-dimensional (3D) micromechanical modeling of the splitting tests for asphalt mixtures. The 2D and 3D microstructure-based discrete element models of a splitting test were established by a discrete element program called Particle Flow Code in Two/Three Dimensions (PFC2D/3D). The strengths and stresses at low temperatures were numerically simulated based on these models. The obtained results were compared, and then verified by an actual splitting test. Results reveal that the 3D discrete element simulations are more stable and more reliable than the 2D discrete element simulations.
INTRODUCTION
Asphalt mixture is a composite material consisting of aggregates, asphalt binder, additives and air voids. The external uncertainty, irregularity, vagueness and nonlinearity of performance-related properties of asphalt mixture are the reflection of its microstructural complexity. The microstructure of asphalt mixtures is quite complicated. Determining the complex mechanical mechanism of asphalt mixtures by conventional laboratory tests and mechanical approaches is difficult.
In recent decades, some researchers have applied the concept of micromechanics to asphalt mixtures by using digital image processing (Chang and Meegoda 1999; Guddati et al. 2002; Wang et al. 2003) . Micromechanics-based models of asphalt mixtures have been employed to predict the physical properties of these mixtures (Li et al. 1999; Li and Metcalf 2005) . Due to the limitation of computational time, however, most of the early studies were based on two-dimensional finite element method (FEM) and discrete element method (DEM). Masad et al. (2001) studied the strain distribution in asphalt concretes by using micromechanical analysis, FEM, and experimental measurements. Papagiannakis et al. (2002) explored a method by considering the nonlinearity in asphalt mixtures, and they predicted the stiffness of the mastic and mix based on digital image analysis and FEM. Sadd et al. (2004) simulated the indirect tensile (IDT) test of asphalt mixtures with FEM based on damage mechanics. Dai et al. (2005) further improved the FEM analysis to investigate the damage evolution with a realistic microstructure of the asphalt mixtures. You and Dai (2007) developed a 2D micromechanical-based finite element (FE) model to predict the dynamic complex modulus of the hot-mix asphalt (HMA). With regard to the DEM, Rotherburg et al. (1992) investigated the mechanical behavior of asphalt concretes using idealized elastic aggregates and a viscoelastic contact model. Buttlar and You (2001) simulated an IDT test by using digital image analysis and the DEM. Abbas et al. (2005) simulated the dynamic mechanical behavior of asphalt mastics using the DEM. Kim and Buttlar (2005) simulated the relationship between the load and crack displacements in a tension test at low temperatures by using PFC2D and a cohesive zone model. Mahmoud et al. (2010) studied the influence of aggregate properties and internal structures on the fracture behavior in asphalt mixtures. Zelelew et al. (2010) studied the permanent deformation of asphalt concretes by simulating the uniaxial creep by using a DEM.
Meanwhile, studies based on 3D microstructure-based models of asphalt mixtures have also begun to appear in recent years. Wang et al. (2007) presented granular microstructures from CT images and applied this technique to simulate the 3D permanent strains in asphalt mixtures. You et al. (2008) developed 3D microstructure-based DEM models of asphalt mixtures to study the dynamic modulus from the stress-strain response under compressive loads. Adhikari et al. (2010) predicted the asphalt mixture dynamic modulus in the hollow cylindirical specimen across a range of test temperatures and load frequencies using both 2D and 3D discrete element models. Liu and You (2011) investigated the effects of the aggregate sphericity index, fractured faces, and orientation angles on the creep stiffness of idealized HMA mixtures by means of the DEM.
Compared with the 2D simulation, the 3D simulation results are generally more accurate because the 3D model is closer to the realistic microstructure of asphalt mixtures. However, determining the model parameters or material properties is difficult, and in many cases they were obtained by reverse modeling rather than directly from laboratory measurements. The simulation results, even 2D simulation results, are usually perfect, however, it is difficult to find the problems in simulation and distinguish superiority and inferiority of models by the 2D or 3D results. Based on imaging and DEM, this study aims to compare 2D and 3D micromechanical modeling of the splitting tests for asphalt mixtures. The 2D and 3D microstructure-based discrete element models of a splitting test were established by a discrete element program called PFC2D/3D. The strengths and stresses at low temperatures were numerically simulated based on these models.
MATERIALS AND SPECIMEN PREPARATION
In this study, diabase and limestone were used as coarse aggregates and fine aggregates, respectively. CNOOC 70 pen petroleum asphalt was used as the binder. As an example of asphalt mixture AC13, six cylindrical specimens, 101.6 mm in diameter and 63.5 mm in height, were compacted by a Marshall compactor in the laboratory. The AC13 had a nominal maximum aggregate size of 13.2 mm, and its aggregate gradation is provided in According to the aggregate gradation listed in Table 1 , asphalt mixtures were mixed at 160°C with the optimum asphalt-aggregate ratios. Six cylindrical specimens, 101.6 mm in diameter and 63.5 mm in height, were compacted at 150°C by the Marshall Compactor.
DISCRETE ELEMENT MODELING OF A SPLITTING TEST
The key concept of the DEM is formulating a finite difference scheme that is used to successively solve the law of motion for each particle and the force-displacement law for every contact. In this study, the aggregate and mastic were adopted as particle materials. The splitting tests were simulated using a commercially available discrete element program called Particle Flow Code in Two/Three Dimensions (PFC2D/3D) (Itasca Consulting Group Inc. 2004a , 2004b . The PFC2D/3D has been developed by Itasca Consulting Group Inc. to model the movement and interaction of stresses in assemblies of rigid spheres.
Three issues, i.e., establishment of the discrete element model, assignment of the contact model and material parameters, and determination of load and boundary conditions, should be addressed to simulate the splitting strength.
Discrete Element Model

2D Discrete Element Mode
A 2D discrete element model for the splitting test of asphalt mix specimens was established through the following steps: First, the horizontal cross-sectional images, 101.6 mm in diameter, were obtained from asphalt mix specimens using X-ray computed tomography and preprocessed by the image processing software. Then, these preprocessed sectional images were segmented, and a series of geometric information about aggregate particles was detected and recognized by the software program called Sub-Microstructure Analysis System of Asphalt Concrete (MASAC) (Yang 2003) . Finally, the geometric information about aggregate particles was inputted into the PFC2D to reconstruct the horizontal cross sections of asphalt mix specimens.
The six horizontal cross sections, each for one asphalt mix specimen, were generated adopting the referred principles. Fig. 1(a) shows a 2D discrete element specimen mesh with hexagonal arrangement. In this model, the void is 4%.
3D Discrete Element Mode
Similar to a 2D discrete element model, a 3D discrete element model for the splitting test of asphalt mix specimens was also established through the following steps: First, thirty horizontal cross-sectional images, 101.6 mm in diameter, were obtained at specified intervals from an asphalt mix specimen using X-ray computed tomography and preprocessed by the image processing software. Then, these preprocessed sectional images were segmented, and a series of geometric information about aggregate particles was detected and recognized by the MASAC software program. Finally, the geometric information about aggregate particles was inputted into the PFC3D to reconstruct the asphalt mix specimen.
The six asphalt mix specimens were generated adopting the referred principles. Fig. 1(b) shows a 3D discrete element specimen mesh with hexagonal arrangement. In this model, the void is 4%. 
Model/Material Parameters
In the DEM, the material parameters are assigned by the contact models. Three distinct types of contact models, i.e. contact-stiffness model, slip model and contact-bond model have been used in this program.
In this study, a linear elastic contact-stiffness model is assigned to all the contacts. A contact-bond model and a frictional slip model are also added to all the contacts except the contacts between the aggregate and wall. The model parameters of all the contacts are referred to from earlier studies (Buttlar and You 2001; Kim and Buttlar 2009) , and determined by an inverse modeling. Since the mastics at low temperatures have a behavior close to the linear elastics, the same contact-bond model is used for the mastic-mastic and mastic-aggregate associations. Table 2 lists the elastic properties and mass properties of particle materials in the DEM. Table 3 lists the contact properties in the DEM. It should be noted that the model parameters in the 3D simulation were also used in the 2D simulation to compare the 2D simulations with different model parameters as well as 2D and 3D simulations with the same model parameters. 
Load and Boundary Conditions
The same load and boundary conditions were assigned to the 2D and 3D models to reduce the influence factors in simulation. Two rigid walls are defined as the boundary and load platens to simulate the IDT test. The upper loading platen is controlled at a constant velocity, and the lower platen is fixed. A higher loading velocity of 100 mm/sec was applied in the simulation than that used in the actual test to reduce the computational time. Thus far, the DEM of the IDT test is installed. When the instant loading force decreases to 70% of the maximum loading force, the model stops running.
At the end of model run, the load and displacement in the entire cycle calculation were output. The vertical load is determined by calculating the average reaction force on the two loading platen walls, and the vertical displacement is determined by the change in the model height along the loading axis. By setting a measurement circle (2D) or a measurement ball (3D), the vertical and horizontal stresses can be easily determined.
COMPARISON OF 2D AND 3D DISCRETE ELEMENT MODELING OF THE SPLITTING TESTS
Simulation can be used to compute the corresponding mechanical parameters (strength, modulus and stress) in the IDT test. Herein, the splitting strength R T and the maximum horizontal stress σ 1 were analyzed. The strength is calculated by dividing the load at failure by the loading cross sectional area, and the stress is calculated from the measurement circle (2D) or measurement ball (3D) at the centre of the model, with a radius of 1/3 the model radius.
2D Discrete Element Simulation
With the model parameters only used in the 2D simulation, the strength and stress values of the six cross sections abovementioned are calculated under the loaded condition. The force-displacement and stress-strain curves are shown in Fig. 2, and With the model parameters similar to that in the 3D simulation, the force-displacement and stress-strain curves are shown in Fig. 3 , and the values of R T and σ 1 are listed in Table 5 . Note that ** stands for the simulation with the model parameters similar to that in the 3D simulation. 
3D Discrete Element Simulation
The strength and stress values of the six asphalt mix specimens are calculated under the loaded condition. The force-displacement and stress-strain curves are shown in Fig. 4 , and the values of R T and σ 1 are listed in Table 6 . Comparison of 2D and 3D Discrete Element Simulations Fig. 2~Fig. 4 show that the force-displacement curves and stress-strain curves in the splitting test vary for different specimens. The force-displacement curves and stress-strain curves shown in Fig. 2 and Fig. 3 also reveal the same overall change trends as those shown in Fig. 4 , respectively, which indicates that the change trend of strength or stress in the splitting test can be simulated based on 2D or 3D micromechanical discrete element models. Notably, the force-displacement curves shown in Fig. 2 and Fig. 3 fluctuate more than those shown in Fig. 4 , which reveals the 3D discrete element simulations are more stable than the 2D discrete element simulations.
Compared with the data listed in Tables 4, 5 and 6, it can also be found that the 3D discrete element simulation results are generally greater than the 2D discrete element simulation results, especially with the same model parameters. The 2D models always under predict the strength and stress values of asphalt mixtures in the splitting test. This is mainly because the interlock between aggregates has been considered in the 3D microstructure-based discrete element models. Fellow-up comparison will be made in the next section.
EXPERIMENTAL VERIFICATION
To verify the numerical results obtained from the virtual splitting tests, the six asphalt mix specimens used in the simulation were tested in the laboratory. The temperature was set at -10ºC. Due to the difficulty in directly obtaining the maximum stresses in the splitting test, we only test for determining the splitting strengths. Table  7 lists the experimental results. Combined with the data listed in Table 7 , it can be noted that the 3D simulation results are closer to the experimental results than the 2D simulation results through comparing the data listed in Tables 4, 5 and 6. The 2D simulation results are less than the 3D simulation results, even the model parameters are larger in the 2D simulation than in the 3D simulation (as shown in Tables 2 and 3 ). This is because the 2D micromechanical discrete element models are relatively simple without considering the aggregate interlock in asphalt mixtures. Compared with the 2D micromechanical discrete element models, the aggregate interlock has been considered in the 3D micromechanical discrete element models. The difference between the 2D results listed in Table 4 and the experimental results listed in Table 7 is between 15%~26%, that between the 2D results listed in Table 5 and the experimental results listed in Table 7 is beyond 74%, while that between the 3D results listed in Table 6 and the experimental results listed in Table 7 is within 8%, which further proves the validity of the 3D simulation. In addition, this also shows that the model/material parameters in the 2D simulation need to be modified/ improved to reduce the difference between the 2D results and the experimental results.
CONCLUSIONS
In this study, a comparison of 2D and 3D micromechanical modeling of the splitting tests for asphalt mixtures was accomplished by using imaging and the DEM. Initially, the 2D and 3D microstructure-based discrete element models of a splitting test were established by a discrete element program called PFC2D/3D. Thereafter, the strengths and stresses at low temperatures were numerically simulated based on these models, and the obtained results were compared. Finally, the simulation results were verified by an actual splitting test. The following conclusions can be drawn from this study:
(1) Based on imaging and DEM, the splitting test of asphalt mixtures at low temperatures can be numerically simulated.
(2) The 3D discrete element simulations are more stable and more reliable than the 2D discrete element simulations.
